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Abstract
·The human corneal endothelium forms a boundary layer

between anterior chamber and corneal stoma. The corneal
endothelial cells are responsible for maintaining cornea
transparency, which is very vital for our visual acuity, via its
pump and barrier functions. The adult corneal endothelial
cells lack proliferation in response to the cell loss
caused by outer damages and diseases. As a result, in order
to compensate for cell loss, corneal endothelial cells migrate
and enlarge while not via dividing to increase the endothelial
cell density. Therefore, it is not capable for corneal
endothelium to restore the corneal clarity. Some researches
have proved that the corneal endothelial maintained
proliferation ability. This review describes the current
research progress regarding the negative factors that inhibit
proliferation of the corneal endothelial cells. This review will
mainly present several genes and proteins that inhibit the
proliferation of the corneal endothelial cells, of course
including some other factors like enzymes and position.
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INTRODUCTION

C orneal endothelium located in the posterior part of the
cornea. Corneal endothelium consists of an important

monolayer of cells whose primary function is to maintain
transparency of the cornea via the pump function. HCECs
(human corneal endothelial cells) usually do not
divide sufficiently to replace the dead and injured cells

caused by various reasons. In response to the cell loss, the
neighboring cells normally cover the loss area through
enlargement or migration [1]. Hence, this causes the inability
of corneal endothelial cells to pump the fluid out of the
stroma, resulting in the loss of visual acuity and corneal
clarity [2]. Recent therapies based on the penetrating or
endothelial keratoplasty to rebuild pump function work well,
while there is a severely shortage of donor corneas all
around the world and serious complications so that it is
necessary to explore new treatments to restore corneal
clarity [3,4]. Study on the cell cycle-associated proteins
indicates that human corneal endothelial cells do not
exit cell cycle while remain arrested in the G1 phase of the
cell cycle [5]. They retain proliferative capacity and can
divide both in culture and in corneas if cell-cell
contacts are disrupted and cells are exposed to positive
growth factors [6,7]. However, there are many anti-
proliferative factors that more or less inhibit the division of
the corneal endothelial cells. This review mainly presents
current information concerning the negative factors that
affect proliferation of the corneal endothelial cells.
NEGATIVE EFFECT OF INNATE FACTORS
To understand the influence of innate factors towards the
proliferation, the growth and anatomical positions should
not be neglected. The proliferation capacity of the old and
the young is different. And physiological process of the cell
senescence needs to be taken into consideration.
Age and Anatomical Factors: Different Proliferative
Capacity in Different Positions A result demonstrated
that corneal endothelial cells from both the central and
peripheral areas retained potential proliferative capacity,
regardless of donor age. However袁the percentage of hCEC
that retained replicative competence from older donors was
lower than that of younger donors [8]. And there was a
tendency that age-related factors affected the proliferation
ability, the outcome was that the cells from older donors
need a much longer doubling time and cells from the
younger divided more readily, besides, endothelium from
the young grow more robustly and be passaged more times
than the older donors [9,10]. Some research indicated that
human central endothelial cell density decreased at an rate
of approximately 0.6% on average per year in normal
corneas throughout adult life [11]. Older age, male sex, higher
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intraocular pressure and history of outdoor work were
negatively related with lower endothelial cell density[12]. Cell
density in the peripheral cornea is greater than that of
central cornea. Studies also indicated that human cornea had
an increased endothelial cell density in the paracentral and
peripheral regions of cornea compared with the central
region [13]. Several findings demonstrated that peripheral
rabbit endothelial had a stronger capacity to renew than
central endothelial [14]. However, the endothelial proliferative
response noted in the human central cornea was greater than
in the peripheral area. Cells from the old were competent to
proliferate but responded slowly than from the young [15]. As
the above description, there are regional differences in
proliferation-ability within the endothelial population

. While corneas, hCECs from the peripheral
area retain higher replication competence, regardless of
donor age. The relative percentage of central area of human
corneal endothelial cells from older donors that are
competent to replicate is significantly lower than in the
periphery or in the central area of corneas from younger
donors. Recent study showed that hCECs cultured from
either central or peripheral cornea retained proliferative
competence, and there was a tendency for central
endothelial cells to exhibit longer population-doubling time,
although there was no significant difference [8]. Some
researchesshowed that decreased proliferation was noted in
the peripheral or mid cornea compared with the central
corneal region. Unexpectedly, the decreased proliferation in
the peripheral or mid region corresponded to a trend of
higher endothelial cell density in the peripheral or mid
region compared with the central region. There was a clear
trend in their study that when cell density was greater than
2000 cells/mm2, corneal endothelial cells tended to no
proliferation[16].
Role of Cell Senescence Cell senescence is a process that
excessive cell division is limited and early neoplastic
progression is halted. Cultured hCECs enter senescence
after relatively short proliferative lifespan (typically 20-30
population doublings). The cellular senescence is an
irreversible proliferation arrest, and celluar senescence
secretome contributes to a mainstay of proliferation arrest[17].
Researchers demonstrated that there were two forms of
cellular senescence: replicative senescence, caused by the
shortening of telomeres that occured during division, and
stress-induced premature senescence, resulted from certain
environmental stresses [18, 19]. Many primary cell types are
prone to senescence to many factors, including oxidative
stress, tumor suppressor, oncogene-signaling, and DNA
damage signaling [20]. Previous studies showed reduction of
telomere was observed with cell senescence, and its length
was altered by cellular senescence[21]. The telomere length of
hCEC retain sufficient to permit cell division[22]. HCECs

have a long telomere to permit the cell division,
regardless of age. The result was interpreted as indicating
that senescence perhaps was induced by telomere-
independent mechanisms in corneal endothelial cells [23].
Besides, there was finding revealed that the shortening of
the telomere was not the senescence-related mechanism in
hCECs . Senescence in human endothelium is not
driven by telomere or stress signaling but regulated by
extrinsic factors that impact upon oxidative stress. The
combination of telomerase expression with the knockdown
of p53 or ectopic expression will immortalize hCEC [24].
Age-dependent decreases in proliferative capacity observed
in hCECs resulted, at least partly, from nuclear oxidative
DNA damage, which was more serious in the cells of older
donors and highest in the central endothelium area of older
donors [25]. p16INK4a, p21WAF/CIP1 p53 and p27Kip1 are
all senescence-related genes. They can inhibit cell cycle
progression and maintain the G1 phase arrest of cells [26].
They all express in hCECs regardless of donor ages. Recent
study showed that an age-related increase in p16INK4a
expression was observed, while p27KIP1 and p21WAF/CIP
expression tended no significant difference between the
young and old donors. It was concluded that p16INK4a
signaling pathway might play an important role in the early
stages of senescence in rat CECs, while the p53 and
p21WAF/CIP1 signaling pathway might exert its principle
effect in the late stages of senescence in CECs [27]. Further
study first indicated that cellular senescence was associated
with high expression of p16INK4a and low expression of
polycomb ring finger oncogene Bmi1 in human cornea [28].
The reduction that the relative percentage of hCECs from
older donors that were competent to replicate was
significantly lower than the cells from younger donors
negatively correlated with the observed increase in the
population of central hCECs exhibiting senescence-like
characteristics[23].
EFFECTS OF CELL CYCLE INHIBITION
FACTORS TO CEC PROLIFERATION
Various cell cycle inhibition factors have been shown to be
responsible for the arrest of corneal endothelial cells. Many
studies showed that they played an important role during the
cell cycle. Decreased expression might bring cell division.
These will be discussed in more detail below.
Age And Cyclin Kinase Inhibition Protein: HCECS
Express Different Amount Of Cyclin Kinase Inhibition
Proteins A research demonstrated the first proteomic
comparison of proteins expressed in hCECs cultured from
the young and old donors. Results indicated that hCECs
from older donors exhibited reduced expression of proteins
that support important cellular functions such as
metabolism, antioxidant protection, cellular regulation [29].
Human corneal endothelial cells are arrested in the
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G1-phase but have not exited the cell cycle [30]. It is
suggested that cell contact, TGFβ , and p53 are all
responsible for negative regulation of the cell cycle through
related CKIs [31]. CKI proteins play vital roles in keeping
G1-phase arrest and include two families, INK and CIP/KIP
family [32]. Previous studies have shown that INK family
member p16INK4a (p16 cyclin-dependent kinase inhibitor
4a) and CIP/KIP family members p21WAF/CIP (p21
cyclin-dependent kinase-interacting protein 1) and p27Kip1
(p27 kinase inhibitor protein1) are expressed in corneal
endothelial cells from several species [31, 33, 34]. The population
of hCECs exhibiting senescence-like characteristics
increases with age, while p16INK4a, p21WAF1/Cip1, and
p27Kip1 are expressed in hCECs despite donor ages. The
G1-phase inhibitors p21Cip1 and p16INK4a from the older
donors expressed at a higher level than the younger donors.
The molecular basis for this age-related difference in
proliferative capacity appears to involve an age-dependent
increase in the expression of the cyclin-dependent kinase
inhibitors, p21Cip1 and p16INK4a, which reduce the ability
of mitogens to stimulate cell-cycle progression. Age-related
differences in the relative expression of p16INK4a and
p21WAF1/Cip1, except for the inhibition activity of
p27Kip1, led to the conclusion that, there was an
age-dependent increase in negative regulation of the cell
cycle. This additional molecular mechanism may be
responsible, partly, for the reduced proliferative response
observed in hCECs from older donors[32]. The CKI, p21Cip1
is an important transcriptional target of the tumor
suppressor, p53, and mediates both G1 and G2-phase
checkpoint arrest in response to stresses, such as oxidative
DNA damage [35, 36]. A study recently showed that the
proliferation capacity of hCECs correlated with the
amount of oxidative DNA damage received by the cells

prior to explants [37]. Molecular studies have also
demonstrated an important role of p16INK4a in the
development of cellular senescence, p16INK4a strongly
inhibited DNA synthesis and imposed a durable block to
cell proliferation [38]. The population of hCECs exhibiting
senescence-like characteristics increases with age. The p16
(INK4a) signal pathway might play a key role in the process
of senescence in hCECs[39]. Both p21Cip1 and p16INK4a are
involved in down-regulation of the cell cycle in hCECs and,
thereby, provide an effective barrier to cell division. The
small inference RNA-induced increase in expression of
these proteins reduces the number of cells entering the cell
cycle, of course the total cell numbers. Thereby, reduction
of levels of p21Cip1 and p16INK4a would be effective in
the treatment progress to induce the cell entering cell cycle,
and then increase the total number of corneal endothelial
cells[40].
Though p27Kip1 was related with negative regulation of

proliferation, and expressed regardless of donor age, of
interest was the fact that there was no statistically significant
difference in the relative expression of p27Kip1 in primary
cultures of hCECs from the young and old donors, and the
expression of p27Kip1 appeared to decrease in an
age-related manner in hCECs at passage-4 [41]. RNA
interference (RNAi) was an effective means to
down-regulate the p27Kip1 expression and then perhaps
promoted the proliferation of CECs [42]. Small hairpin
RNA-p27Kip1 could also negatively and effectively regulate
the expression of p27Kip1 and increase the growth of
bovine CECs. Thereby, shRNA-p27Kip1 RNA interference
perhaps was an effective method to promote the
proliferation of CECs [43]. Previous research showed that
p27Kip1 antisense oligonucleotides brought a lower
p27Kip1 protein levels and positively regulated the
proliferation in confluent cultures of rat CECs [44].
Interestingly, research indicated that transfection of p27kip1
siRNA was sufficient to promote proliferation in confluent
cultures of hCECs from young donors, but not older donors.
These results indicated that inhibition of proliferation in
older donors was regulated by other mechanisms in addition
to p27 (kip1) [41]. Connective tissue growth factor (CTGF)
-specific siRNA could inhibit the expression of CTGF
mRNA and negatively regulate the expression of p27 in
bovine CECs. We need more researches to prove the same
effect in hCECs [45]. There was research demonstrated that
p27(Kip1) was involved in the regulation of the proliferation
in the developing corneal endothelium [46]. Besides, some
researchers demonstrated that p27 had a closely negative
relationship with the proliferation of hCECs. FGF-2
stimulates cells' proliferation via a linear signal transduction,
PI-3 kinase and the downstream target extracellular
signal-regulated kinase 1/2. Human corneal endothelium
employs phosphorylation of p27 (Kip1) at two sites to
accomplish the proliferation mediated by FGF-2[47]. One site
is at Ser10 through pathway KIS (kinase-interacting
stathmin) during early G1 phase, which is the major
mechanism for G1/S transition, the other is at Thr187
through pathway Cdc25A (cell division cycle 25A/Cdk2
during late G1 phase[48].
c AMP (Cyclic Adenosine Monophpsphate) FGF-2
(fibroblast growth factor) markedly stimulates corneal
endothelial proliferation [49], in response to FGF-2
stimulation, the mitogenic signaling pathway uses PI
(phosphatidylinositol)3-kinase as one of the key downstream
pathways [50]. Previous study showed that CDK4 (cyclin
dependent kinase) and p27Kip1 involved in FGF-2-
stimulated mitogenesis [51]. PI-3 kinase stimulates cell
proliferation by up-regulating expression of CDK4,
facilitating the nuclear import of CDK4, and sequestering
CDK4 in the nuclei as it simultaneously down-regulates
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expression of p27 and facilitates the proteolysis of the
molecule by phosphorylation [52]. Some data support the
hypothesis that cAMP inhibits the proliferation of CECs,
preventing them from entering the S phase by negatively
regulating PI -3kinase [53]. In corneal epithelial and
endothelial cells, 茁-adrenergic stimulation leads to
activation of PKA (protein kinase A) via stimulation of
adenylyl cyclase, and 琢-adrenoceptor stimulation inhibits
PKA activity via inhibition of adenylyl cyclase. Stimulation
and inhibition of corneal cAMP-PKA pathway may play a
role in important functions. Long-term therapy with
琢-agonists or 茁-antagonists perhaps influence these
functions in a currently unknown way[54]. Findings indicated
that in bovine corneal epithelial and endothelial cells, m4
muscarinic cholinoceptor inhibited the cAMP-PKA
pathway, which resulted decreased PKA activity. Further
work will be necessary to clarify the physiological function
of this pathway in CEC [55]. There was study that
demonstrated that native endothelial and epithelial cells
expressed a functional 5-HT receptor positively correlated to
adenylyl cyclase and PKA formation. However, currently it
was still a matter of speculation of the physiological
function of 5-HT receptors and the cAMP-PKA pathway in
the cornea [56]. Dopamine includes two receptor subgroups,
D1-like and D2-like receptors, the bovine corneal
endothelium and epithelium showed D1-like receptor
positive staining but negative for D2-like receptors. The
stimulation of dopamine to D1-like receptors revealed a
dose-dependent increase of the intracellular cAMP
concentration. While presently the physiological function of
the receptor was still our speculation[57].
PLZF (Promyelocytic Leukemia Zinc Finger) PLZF, a
transcriptional repressor and negative regulator of cell
cycling, is able to suppress the transcription of genes such as
cyclin A2 and c-myc. Besides, continued PLZF expression
induces cell cycle arrest in phase G1 and eventual apoptosis[58,59].
Cyclin A2 protein is essential for two critical points that are
phase transitions during cell proliferation progression [60].
Hence, PLZF plays a negative role of cell proliferation.
Study demonstrated that cell-cell contact inhibition was an
important mechanism of growth arrest during corneal
endothelial development[61]. There were findings that showed
expression of PLZF in hCECs was closely related to the
formation of cell-cell contacts, study showed that expression
of PLZF mRNA varied according to the cell-cell contact
state in hCECs , interestingly, the expression of
mRNA returned to a normal level as cell-cell contact
reformed, so it was suggested that PLZF played an
important role in the expression of proliferation of hCECs [62].
PTP (Protein Tyrosine Phosphatase) PTPs can mediate
dephosphorylation events, and protein tyrosine
phosphorylation and dephosphorylation are common

mechanisms that control cell replication [63]. EGF(epithelial
growth factor) has been shown that it is competent to induce
proliferation in corneal endothelium from several species[64, 65].
A few PTPs associate with EGF-receptor, and may be active
in regulating cell cycle signaling. Tyrosine-phosphorylated
EGF receptor peptide, modeled on tyrosine 992 and 1148,
inhibited the binding of PTP1B. It was revealed that clear
sequence specificity in the binding of proteins involved in
the regulation of intracellular signaling by receptor tyrosine
kinases [66]. PTP1B can interact with proteins that contain
adhesion junctions, in confluent rat corneal endothelium,
phosphatase inhibition induced by SOV (sodium
orthovanadate), a general phosphatase inhibitor, may
disrupt the integrity of cell-cell junctions and promote cell
cycle entry [67]. PTP1B interacts with and is tyrosine-
phosphorylated by EGFR (epidermal growth factor receptor),
thereby attenuating ligand-induced downstream signaling.
Comparison of PTP1B mRNA and protein levels shows that
PTP1B expression is modulated primarily at the protein
level in the cultured rat corneal endothelial cells. The fact
that EGFR is internalized in response to EGF stimulation
indicates that it could interact with and regulated by PTP1B.
The ability of PTP1B inhibitor resulted in a more rapid
response to EGF stimulation and increases the time to
sustain EGFR Tyr992 phosphorylation, then increase the
number of rat corneal endothelial cells which express Ki67,
a recognized marker of actively cycling cells. These findings
indicated that PTP1B played a role in the negative
regulation of EGF-induced signaling and helped suppress
cell cycle entry [68]. PTP1B expression was significantly
higher in hCECs from older people than young people,
while there was no significant age-related difference in the
expression of EGFR, suggesting that the decreased activity
of proliferation in response to EGF is partly due to PTP1B
activity. Study also indicated that inhibition of PTP1B
increased the relative number of cells entering S-phase
strongly suggested that PTP1B help negatively regulate
EGF-stimulated cell cycle entry in hCEC. These results
suggest that perhaps it is possible to increase the
proliferative competence of hCEC, particularly in cells from
older donor s, by inhibiting the activity of this important
PTPs[69].
In conclusion, it is clear that hCECs do possess proliferative
capacity. Many studies provide the proof that the hCECs
remain arrested in G1 phase, thereby preventing subsequent
proliferation causing by different negative factors. Many
negative factors are responsible to interpret the arrest of cell
cycle. It is possible to increase the density of endothelial
cells to maintain the pump function to restore corneal
transparency via inhibiting these factors. The correlation of
people ages and hCEC senescence with reduced
proliferative capacity is important, while unchangeable. Cell
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cycle negative regulators involved in the proliferation of
hCECs present challenges, as well as lead possible new
directions to induce cell division. It may be possible to
promote proliferative capacity by treating hCEC with
anti-negative cycle factors to weaken the negative affect.
This might overcome the serious shortage of cornea donors,
and increase the number of individuals who could maintain
the corneal transparency via sufficient cell division.
REFERENCES
1 Matsuda M, Sawa M, Edelhauser HF, Bartels SP, Neufeld AH, Kenyon

KR. Cellular migration and morphology in corneal endothelial wound

repair. 1985;26(4):443-449

2 Peh GS, Beuerman RW, Colman A, Tan DT, Mehta JS. Human corneal

endothelial cell expansion for corneal endothelium transplantation: an

overview. 2011;91(8):811-819

3 Clements JL, Bouchard CS, Lee WB, Dunn SP, Mannis MJ, Reidy JJ,

John T, Hannush SB, Goins KM, Wagoner MD, Adi MA, Rubenstein JB,

Udell IJ, Babiuch AS. Retrospective review of graft dislocation rate

associated with descemet stripping automated endothelial keratoplasty

after primary failed penetrating keratoplasty. 2011;30(4):414-418

4 Shulman J, Kropinak M, Ritterband DC, Perry HD, Seedor JA,

McCormick SA, Milman T. Failed descemet-stripping automated

endothelial keratoplasty grafts: a clinicopathologic analysis.

2009;148(5):752-759 e2

5 Joyce NC, Navon SE, Roy S, Zieske JD. Expression of cell

cycle-associated proteins in human and rabbit corneal endothelium in

situ. 1996;37(8):1566-1575

6 Joyce NC. Proliferative capacity of the corneal endothelium.

2003;22(3):359-389

7 Joyce NC. Cell cycle status in human corneal endothelium.

2005;81(6):629-638

8Mimura T, Joyce NC. Replication competence and senescence in central

and peripheral human corneal endothelium.

2006;47(4):1387-1396

9 Yue BY, Sugar J, Gilboy JE, Elvart JL. Growth of human corneal

endothelial cells in culture. 1989;30 (2):

248-253

10 Konomi K, Zhu C, Harris D, Joyce NC. Comparison of the proliferative

capacity of human corneal endothelial cells from the central and peripheral

areas. 2005;46(11):4086-4091

11 Bourne WM, Nelson LR, Hodge DO. Central corneal endothelial cell

changes over a ten-year period. 1997;38 (3):

779-782

12 Higa A, Sakai H, Sawaguchi S, Iwase A, Tomidokoro A, Amano S,

Araie M. Corneal endothelial cell density and associated factors in a

population-based study in Japan: the Kumejima study.

2010;149(5):794-799

13 Raj A, Girgis RA. Increased endothelial cell density in the paracentral

and peripheral regions of the human cornea. 2003;136

(4):774; author reply 774-775

14 Mimura T, Yamagami S, Yokoo S, Araie M, Amano S. Comparison of

rabbit corneal endothelial cell precursors in the central and peripheral

cornea. 2005;46(10):3645-3648

15 Senoo T, Joyce NC. Cell cycle kinetics in corneal endothelium from old

and young donors. 2000;41(3):660-667

16 Patel SP, Bourne WM. Corneal endothelial cell proliferation: a function

of cell density. 2009;50(6):2742-2746

17 Adams PD. Healing and hurting: molecular mechanisms, functions, and

pathologies of cellular senescence. 2009;36(1):2-14

18 Wright WE, Shay JW. Telomere positional effects and the regulation of

cellular senescence. 1992;8(6):193-197

19 Ben-Porath I, Weinberg RA. When cells get stressed: an integrative

view of cellular senescence. 2004;113(1):8-13

20 Campisi J, d'Adda di Fagagna F. Cellular senescence: when bad things

happen to good cells. 2007;8(9):729-740

21Ohmura H, Oshimura M.Telomere, cellular senescence and

transformation. 1993;51(7):1899-1906

22 Egan CA, Savre-Train I, Shay JW, Wilson SE, Bourne WM. Analysis of

telomere lengths in human corneal endothelial cells from donors of

different ages. 1998;39(3):648-653

23 Konomi K, Joyce NC. Age and topographical comparison of telomere

lengths in human corneal endothelial cells. 2007;13:1251-1258

24 Sheerin AN, Smith SK, Jennert-Burston K, Brook AJ, Allen MC,

Ibrahim B, Jones D, Wallis C, Engelmann K, Rhys-Williams W, Faragher

RG, Kipling D. Characterization of cellular senescence mechanisms in

human corneal endothelial cells. 2012;11(2):234-240

25 Joyce NC, Zhu CC, Harris DL. Relationship among oxidative stress,

DNA damage, and proliferative capacity in human corneal endothelium.

2009;50(5):2116-2122

26 Sherr CJ, Roberts JM. CDK inhibitors: positive and negative regulators

of G1-phase progression. 1999;13(12):1501-1512

27 Xiao X, Wang Y, Gong H, Chen P, Xie L. Molecular evidence of

senescence in corneal endothelial cells of senescence-accelerated mice.

2009;15:747-761

28 Wang Y, Zang X, Chen P. High expression of p16 (INK4a) and low

expression of Bmi1 are associated with endothelial cellular senescence in

the human cornea. 2012;18:803-815

29 Zhu C, Rawe I, Joyce NC. Differential protein expression in human

corneal endothelial cells cultured from young and older donors.

2008;14:1805-1814

30 Joyce NC, Meklir B, Joyce SJ, Zieske JD. Cell cycle protein expression

and proliferative status in human corneal cells.

1996;37(4):645-655

31 Polyak K, Lee MH, Erdjument-Bromage H, Koff A, Roberts JM,

Tempst P, Massague J. Cloning of p27Kip1, a cyclin-dependent kinase

inhibitor and a potential mediator of extracellular antimitogenic signals.

1994;78(1):59-66

32 Enomoto K, Mimura T, Harris DL, Joyce NC. Age differences in

cyclin-dependent kinase inhibitor expression and rb hyperphosphorylation

in human corneal endothelial cells. 2006;47

(10):4330-4340

33 Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ. The p21

Cdk-interacting protein Cip1 is a potent inhibitor of G1 cyclin-dependent

kinases. 1993;75(4):805-816

34 Lee MH, Reynisdottir I, Massague J. Cloning of p57KIP2, a

cyclin-dependent kinase inhibitor with unique domain structure and tissue

distribution. 1995;9(6):639-649

35 el-Deiry WS, Tokino T, Velculescu VE., Levy DB, Parsons R, Trent

JM, Lin D, Mercer WE, Kinzler KW, Vogelstein B. WAF1, a potential

mediator of p53 tumor suppression. 1993;75(4):817-825

36 Gartel AL, Tyner A L.Transcriptional regulation of the p21 (

(WAF1/CIP1)) gene. 1999;246(2):280-289

37 Joyce NC, Harris DL, Zhu CC. Age-related gene response of human

corneal endothelium to oxidative stress and DNA damage.

2011;52(3):1641-1649

Negative factors of corneal endothelial cells proliferation

618



陨灶贼 允 韵责澡贼澡葬造皂燥造熏 灾燥造援 5熏 晕燥援 5熏 Oct.18, 圆园12 www. IJO. cn
栽藻造押8629原愿圆圆源缘员苑圆 8629-83085628 耘皂葬蚤造押ijopress岳员远猿援糟燥皂

38 Dai CY, Enders GH. p16 INK4a can initiate an autonomous

senescence program. 2000;19(13):1613-1622

39 Song Z, Wang Y, Xie L, Zang X, Yin H. Expression of

senescence-related genes in human corneal endothelial cells.

2008;14:161-170

40 Joyce NC, Harris DL. Decreasing expression of the G1-phase

inhibitors, p21Cip1 and p16INK4a, promotes division of corneal

endothelial cells from older donors. 2010;16:897-906

41 Kikuchi M, Zhu C, Senoo T, Obara Y, Joyce NC. p27kip1 siRNA

induces proliferation in corneal endothelial cells from young but not older

donors. 2006;47(11):4803-4809

42 Huang Y, Zhang M, Wang Y, Fan K, Zhang G, Zhou Y. Effect of

p27Kip1 inhibition on proliferation of bovine corneal endothelial cells by

RNA interference. 2008;28 (2):

211-215

43 Huang YK, Zhang MC, Wang Y, Fan KS, Jiang DL, Zhang GH, Zhou

YL. Effect on the proliferation of bovine corneal endothelial cells by small

hairpin RNA interference targeting p27Kip1.

2009;45(3):254-259

44 Kikuchi M, Harris DL, Obara Y, Senoo T, Joyce NC. p27kip1

Antisense-induced proliferative activity of rat corneal endothelial cells.

2004;45(6):1763-1770

45 Chen H, Zhang MC, Zhang HX. Effects of small interfering RNA

approach to silence the connective tissue growth factor gene on the

expression of the protein p27. 2010;46 (7):

631-634

46 Yoshida K, Kase S, Nakayama K, Nagahama H, Harada T, Ikeda H,

Harada C, Imaki J, Ohgami K, Shiratori K, Ilieva IB, Ohno S, Nishi S,

Nakayama KI. Involvement of p27KIP1 in the proliferation of the

developing corneal endothelium. 2004;45 (7):

2163-2167

47 Lee JG, Song JS, Smith RE, Kay EP. Human corneal endothelial cells

employ phosphorylation of p27 (Kip1) at both Ser10 and Thr187 sites for

FGF-2-mediated cell proliferation via PI 3-kinase.

2011;52(11):8216-8223

48 Lee JG, Kay EP. PI 3-kinase/Rac1 and ERK1/2 regulate

FGF-2-mediated cell proliferation through phosphorylation of p27 at

Ser10 by KIS and at Thr187 by Cdc25A/Cdk2.

2011;52(1):417-426

49 Lee JG, Kay EP. Two populations of p27 use differential kinetics to

phosphorylate Ser-10 and Thr-187 via phosphatidylinositol 3-Kinase in

response to fibroblast growth factor-2 stimulation. 2007;282

(9):6444-6454

50 Dailey L, Ambrosetti D, Mansukhani A, Basilico C. Mechanisms

underlying differential responses to FGF signaling.

2005;16(2):233-247

51 Lee HT, Kim TY, Kay EP. Cdk4 and p27Kip1 play a role in

PLC-gamma1-mediated mitogenic signaling pathway of 18 kDa FGF-2 in

corneal endothelial cells. 2002;8:17-25

52 Lee HT, Kay EP. Regulatory role of PI 3-kinase on expression of Cdk4

and p27, nuclear localization of Cdk4, and phosphorylation of p27 in

corneal endothelial cells. 2003;44 (4):

1521-1528

53 Lee HT, Kay EP. Regulatory role of cAMP on expression of Cdk4 and

p27 (Kip1) by inhibiting phosphatidylinositol 3-kinase in corneal

endothelial cells. 2003;44(9):3816-3825

54 Grueb M, Bartz-Schmidt KU, Rohrbach JM. Adrenergic regulation of

cAMP/protein kinase A pathway in corneal epithelium and endothelium.

2008;40(6):322-328

55 Grub M, Mielke J, Rohrbach J M. m4 muscarinic receptors of the

cornea: muscarinic cholinoceptor-stimulated inhibition of the cAMP-PKA

pathway in corneal epithelial and endothelial cells. 2011;

108(7):651-657

56 Grueb M, Rohrbach JM, Schlote T, Mielke J. Serotonin (5-HT7)

Receptor-Stimulated Activation of cAMP-PKA Pathway in Bovine

Corneal Epithelial and Endothelial Cells. 2012;48 (1):

22-27

57 Grub M, Mielke J, Rohrbach M, Schlote T. Dopamine Receptors of the

Corneal Epithelium and Endothelium. 2012;229

(8):822-825

58 Shaknovich R, Yeyati PL, Ivins S, Melnick A, Lempert C, Waxman S,

Zelent A, Licht JD. The promyelocytic leukemia zinc finger protein affects

myeloid cell growth, differentiation, and apoptosis. 1998;18

(9):5533-5545

59 Yeyati PL, Shaknovich R, Boterashvili S, Li J, Ball H J, Waxman S,

Nason-Burchenal K, Dmitrovsky E, Zelent A, Licht JD. Leukemia

translocation protein PLZF inhibits cell growth and expression of cyclin A.

1999;18(4):925-934

60 Yam CH, Fung TK, Poon RY. Cyclin A in cell cycle control and

cancer. 2002;59(8):1317-1326

61 Joyce NC, Harris DL, Mello DM. Mechanisms of mitotic inhibition in

corneal endothelium: contact inhibition and TGF-beta2.

2002;43(7):2152-2159

62 Joko T, Nanba D, Shiba F, Miyata K, Shiraishi A, Ohashi Y,

Higashiyama S. Effects of promyelocytic leukemia zinc finger protein on

the proliferation of cultured human corneal endothelial cells.

2007;13:649-658

63 Barford D, Neel BG. Revealing mechanisms for SH2 domain mediated

regulation of the protein tyrosine phosphatase SHP-2. 1998;6(3):

249-254

64 Fabricant R, Salisbury JD, Berkowitz RA, Kaufman HE. Regenerative

effects of epidermal growth factor after penetrating keratoplasty in

primates. 1982;100(6):994-995

65 Blake DA, Yu H, Young DL, Caldwell DR. Matrix stimulates the

proliferation of human corneal endothelial cells in culture.

1997;38(6):1119-1129

66 Milarski KL, Zhu G, Pearl CG, McNamara DJ, Dobrusin EM, MacLean

D, Thieme-Sefler A, Zhang ZY, Sawyer T, Decker SJ.Sequence specificity

in recognition of the epidermal growth factor receptor by protein tyrosine

phosphatase 1B. 1993;268(31):23634-23639

67 Chen WL, Harris DL, Joyce NC. Effects of SOV-induced phosphatase

inhibition and expression of protein tyrosine phosphatases in rat corneal

endothelial cells. 2005;81(5):570-580

68 Harris DL, Joyce NC. Protein tyrosine phosphatase, PTP1B, expression

and activity in rat corneal endothelial cells. 2007;13:785-796

69 Ishino Y, Zhu C, Harris DL, Joyce NC. Protein tyrosine

phosphatase-1B (PTP1B) helps regulate EGF-induced stimulation of

S-phase entry in human corneal endothelial cells. 2008;14:61-70

619


